We investigated the growth and magnetic properties of Tm atoms and monolayers deposited on a W(110) surface using scanning tunneling microscopy and x-ray magnetic circular and linear dichroism. The equilibrium structure of Tm monolayer films is found to be a strongly distorted hexagonal lattice with a Moiré pattern due to the overlap with the rectangular W(110) substrate. Monolayer as well as isolated Tm adatoms on W present a trivalent ground-state electronic configuration, contrary to divalent gas phase Tm and weakly coordinated atoms in quench-condensed Tm films. Ligand field multiplet simulations of the x-ray absorption spectra further show that Tm has a |J = 6,J z = ±5 electronic ground state separated by a few meV from the next lowest substates |J = 6,J z = ±4 and |J = 6,J z = ±6 . Accordingly, both the Tm atoms and monolayer films exhibit large spin and orbital moments with out-of-plane uniaxial magnetic anisotropy. X-ray magnetic dichroism measurements as a function of temperature show that the Tm monolayers develop antiferromagnetic correlations at about 50 K. The triangular structure of the Tm lattice suggests the presence of significant magnetic frustration in this system, which may lead to either a noncollinear staggered spin structure or intrinsic disorder.
We investigated the growth and magnetic properties of Tm atoms and monolayers deposited on a W(110) surface using scanning tunneling microscopy and x-ray magnetic circular and linear dichroism. The equilibrium structure of Tm monolayer films is found to be a strongly distorted hexagonal lattice with a Moiré pattern due to the overlap with the rectangular W(110) substrate. Monolayer as well as isolated Tm adatoms on W present a trivalent ground-state electronic configuration, contrary to divalent gas phase Tm and weakly coordinated atoms in quench-condensed Tm films. Ligand field multiplet simulations of the x-ray absorption spectra further show that Tm has a |J = 6,J z = ±5 electronic ground state separated by a few meV from the next lowest substates |J = 6,J z = ±4 and |J = 6,J z = ±6 . Accordingly, both the Tm atoms and monolayer films exhibit large spin and orbital moments with out-of-plane uniaxial magnetic anisotropy. X-ray magnetic dichroism measurements as a function of temperature show that the Tm monolayers develop antiferromagnetic correlations at about 50 K. The triangular structure of the Tm lattice suggests the presence of significant magnetic frustration in this system, which may lead to either a noncollinear staggered spin structure or intrinsic disorder. 
I. INTRODUCTION
Interest in low-dimensional rare-earth (RE) magnetic structures has grown steadily in recent years, focusing on single atoms as model quantum spin systems [1] [2] [3] [4] [5] as well as ultrathin films that display either ferromagnetic [6] [7] [8] [9] or antiferromagnetic [10] order when grown on nonmagnetic substrates. Ultrathin RE magnetic films and multilayers have also attracted attention due to their ability to induce perpendicular magnetic anisotropy in adjacent transition-metal layers [11] , control magnetic damping in spin valve devices [12, 13] , as well as fabricate materials with higher magnetization compared to transition-metal alloys [14, 15] .
The interest in studying the magnetism of RE adatoms and monolayers (ML) stems from the localized character of the 4f states, which protects them from hybridization effects and preserves atomiclike spin and orbital magnetic moments. The extended 5d6s valence electron states of the RE atoms, on the other hand, couple with the partially filled 4f orbitals and hybridize with the surface valence electrons of the substrate. This affects the exchange interaction and, hence, the type of magnetic order and transition temperatures in ML structures [16] [17] [18] . Additionally, combined with hybridization effects, symmetry breaking and epitaxial strain influence the magnetic anisotropy and magnetoelastic interactions [19] , giving rise to a different magnetic behavior compared to that of thick films.
In contrast to transition-metal adatoms, which have been extensively investigated using the anomalous Hall effect [20] , x-ray magnetic circular dichroism (XMCD) [21] [22] [23] [24] [25] , photoemission [26] , and scanning tunneling microscopy (STM) [25, [27] [28] [29] , there are very few experimental studies on the magnetism of RE atoms on surfaces. To our knowledge, only Ce [1, 2] , Gd [3] , and Ho [5] impurities have been investigated, mainly by STM. Theoretical studies are also limited to Gd adatoms and dimers on CuN/Cu substrates [4] and Ho adatoms on Pt(111) [5] .
RE thin films deposited on crystalline magnetic and nonmagnetic transition-metal substrates have been previously studied by spin-polarized photoelectron [9, 30, 31] and Auger [32] spectroscopies, electron capture spectroscopy [6] , as well as by linear and circular x-ray dichroism [33] [34] [35] and spin-polarized STM [8, [36] [37] [38] . Gd is the RE element that has been more extensively studied in the form of ultrathin films, mostly because it exhibits a single ferromagnetic phase in the bulk with the order transition close to room temperature [7, 39, 40] . Extrapolating the thickness dependence of the Curie temperature leads to vanishing magnetic order for Gd films thinner than 3 monolayers (ML) [7] . Similarly, in Ho/W(110) thin films, resonant magnetic soft x-ray and neutron diffraction experiments [10] have shown that the helical antiferromagnetic ordering temperature T N decreases with the film thickness following a modified power law with an offset of about 11 ML, below which the long-period basal plane antiferromagnetic structure is not possible. It is worth mentioning that the decrease of the order temperature with thickness in these RE is stronger than in the case of transition-metal ferromagnets [41, 42] . Moreover, below the critical temperature, bulk RE metals display magnetically ordered phases of different complexity, depending on the element and on the temperature range [43] . These examples show that the magnetic structure of RE ultrathin films is a nontrivial issue, which, furthermore, has not been investigated in a systematic way across the lanthanide series.
Tm represents an interesting case since it is the only heavy RE which orders magnetically along the c axis of the bulk hcp crystal structure. Between the Néel temperature T N = 58 and 40 K, the magnetic moments are ferromagnetically ordered within the hcp basal-plane layers and have an incommensurate sinusoidal modulation along the c axis. The easy axis is parallel to the c axis, owing to strong crystal-field anisotropy. Upon decreasing the temperature, the propagation wave number along the c axis increases and, below ∼30 K, a ferrimagnetic structure with a seven-layer repeat distance develops: the magnetic moments point up along the c axis in three layers and down in the consecutive four layers. Although the reduction of thickness along the c axis could drastically influence the magnetic behavior of this element, no structural and magnetic characterization of thin or ultrathin layers of Tm has been reported to date. In this work, we investigate the growth and magnetic properties of Tm adatoms and ML films deposited on a single-crystal W(110) surface.
II. EXPERIMENTS
The growth of Tm on W(110) was investigated by means of STM and low-energy electron diffraction (LEED) at the University of Zaragoza. Sample preparation was carried out in an ultrahigh vacuum chamber with base pressure of ∼10 −10 Torr, which included an e-beam heating station, LEED, Auger electron spectroscopy, and an e-gun used to evaporate Tm (purity 99.99%) by heating a tungsten crucible holding Tm pieces. Prior to the evaporation of Tm, the W(110) single-crystal surface was cleaned by cycles of annealing in oxygen atmosphere and flashes at temperatures around 2400 K. The oxygen partial pressure was reduced from ∼10 −6 Torr to ∼10 −9 Torr between subsequent annealing cycles of 30 min at 1500 K. During Tm evaporation, the pressure remained below ∼10 −9 Torr, allowing deposition rates as low as 1 ML/min. The vacuum in the STM chamber was better than ∼10 −11 Torr. The LEED image [see Fig. 1(a) ] shows the reciprocal lattice of the W(110) surface with sharp spots without trace of carbon surface reconstructions. The state of the bare W surface was checked by STM [ Fig. 1(b) ], which showed atomically flat terraces separated by monoatomic steps (∼2.21Å). The inset of Fig. 1(b) shows an enlarged area with a density of impurities as low as 0.3%, comparable with other works [44] .
The Tm depositions were carried out at room temperature and the samples annealed at temperatures between 500 and 1100 K for 10 min. The annealing conditions and the coverage are key factors that determine the structure of the samples. For short deposition times at low flux and annealing temperatures below ∼1000 K, we obtain coverages of ∼2%, consisting mainly of isolated Tm adatoms, as shown in Fig. 1(c) . Some larger objects, which we identify as dimers and trimers since they occasionally split during the interaction with the STM tip, are also found, but represent a small percentage of the total coverage. LEED images of these lowcoverage samples do not show diffraction spots additional to those of the W(110) surface. It is remarkable that low-coverage Tm deposits annealed at temperatures as high as 1000 K do not coalesce but remain as isolated adatoms, possibly due to the influence of repulsive Ruderman-Kittel-Kasuya-Yosida (RKKY) [45] or dipolar interactions, as we will report in a separate publication [46] . Larger flux rate and annealing temperatures of ∼1100 K give rise to heteroepitaxial growth with the formation of one-monolayer-thick islands of Tm on W(110), as determined by direct STM observation as well as by LEED analysis.
The electronic and magnetic characterization was carried out by means of x-ray magnetic circular and linear dichroism, XMCD and XMLD, respectively. The measurements were performed at the ID08 beamline of the European Synchrotron Radiation Facility, where the samples were grown in situ according to the procedure described above and probed by STM and LEED. Following preparation, the samples were transferred in ultrahigh vacuum into the x-ray absorption measurement chamber, which provides a focused x-ray beam with tunable energy, 99±1% circular and linear polarization, and a 0.1 × 1 mm 2 x-ray spot at full width at half maximum. The samples were mounted vertically on a variable-temperature (6-300 K) rotary stage holder which permitted rotation of the substrate around the vertical axis. A superconducting magnet allowed the application of magnetic fields of up to 5 T along the x-ray beam direction. X-ray absorption spectra (XAS) were measured at the M 4,5 absorption edges of Tm (corresponding to 3d to 4f core-to-valence electronic transitions) in the total electron yield mode by recording the drain current of the sample as a function of photon energy. The drain current was normalized by the photocurrent of a gold grid reference placed between the last refocusing mirror and the sample. The linearly polarized XAS were measured by aligning the • with respect to the sample normal. The XMCD spectra were obtained by taking the XAS difference for parallel (I + ) and antiparallel (I − ) alignment of the photon helicity with the applied magnetic field. During the measurements, the pressure in the cryostat was about 2 × 10 −10 mbar and likely lower in the sample region surrounded by the cryogenic shields. No changes of the XAS line shape, due to either the x-ray beam or contamination, were observed within the few hours required to measure one sample. The XAS data were simulated using ligand field atomic multiplet calculations [47, 48] as described in Refs. [49, 50] .
III. STRUCTURAL CHARACTERIZATION
The (110) surface of W offers the opportunity of studying the magnetic behavior of ordered RE overlayers on top of a conductive but nonmagnetic substrate. In general, the body-centered-cubic crystals of refractory metals such as W and Mo promote the two-dimensional layer growth of RE with no intermixing [51] [52] [53] , with the (110) surface yielding morphologies with low corrugation.
It is known that below the monolayer coverage rare-earth metals adsorbed on W(110) or Mo(110) show superstructures consisting of wires with the axis along the W[110] direction and hexagonal structures [51, 52, 54, 55] . Figure 2 (a) shows a LEED pattern, taken at 145 eV, of a deposit that resulted in an ordered superstructure. This LEED image shows the spots of the W(110) surface and six spots characteristic of the (0001) surface of the RE hcp structure, but also satellite spots indicating the existence of a superstructure. The image is quite similar to that reported by Kolaczkiewicz et al. [51] indexed as a mix of c(5 × 3) and (5 × 2) structures and observed for Gd and Eu grown on W(110). Although in some cases we obtained such reconstructions, we were able, by finely adjusting the flux rate and the annealing temperature, to obtain samples that do not show them. The XMCD measurements reported in Secs. IV and V were performed on unreconstructed Tm monolayers. [56, 57] . In Fig. 2(c) , we display a STM image of one of these nonreconstructed samples, taken in an area with a monolayer of Tm showing a detail of the Tm adatoms with atomic resolution. The lattice parameter measured along [001] is 4.08Å, while for the two other sides of the isosceles triangle we obtain 3.92Å. This means that the Tm ML displays a fairly distorted hexagonal structure, forming in fact a rhombic or isosceles triangular lattice. Thus, the lattice mismatch between Tm and W is large enough to produce in the first monolayer of thulium an asymmetric distortion of the hcp structure that, with respect to the bulk lattice parameters, is compressed along the [58] [59] [60] [61] [62] to check the equilibrium structure of a Tm-ML placed on an 8-ML thick (110) W slab. The unit cell contains a vacuum thickness twice that of the ML + slab, as customary. Dipolar effects were computationally corrected, too [63] [64] [65] 12 ]5p 6 5d 1 6s 2 for Tm. The cutoff energy was set at an optimal value of 600 eV which warrants a convergence of <10 −5 eV for the (110)W slab but just 10 −2 -10 −3 eV when the Tm-ML is considered. The Brillouin zone was only sampled at the point as a compromise between accuracy and computational efficiency because of the large number of atoms used and the size of the unit cell. After an initial bulk optimization, the cubic W-lattice parameter was set to a relaxed value of 3.180Å, close to the one obtained by other authors [66] , while Tm in-plane lattice parameter is fixed by the commensurate structure observed by STM. An optimized structure along the (110) direction of W was calculated using a quasi-Newton algorithm [67] , reducing the HellmannFeynman forces to ∼1.0 mRy/au. The average distances between Tm-ML and first W layer and the W first and second layers are, respectively, 2.53 and 2.24Å. The latter value is slightly larger than the bulk one, 2.20Å. We obtain a spatial • with respect to the x-ray beam direction.
peak-to-peak corrugation in the Tm-ML of 0.4Å with a period of 16Å, both in agreement with the Moiré patterns obtained from STM results. A smaller corrugation also exists in the first-nearest W layer, ∼0.05Å, and has about the same spatial periodicity, but it disappears for the next-nearest W layers. Figure 3 shows the experimental and simulated x-ray absorption spectra for horizontally (h, out-of-plane) and vertically (v, in-plane) polarized light at grazing incidence (θ = 70
IV. ELECTRONIC GROUND STATE
• ). The characteristic multiplet structures of the RE M 4,5 absorption edges have been widely studied [47, 48, 68, 69] and can be used as a fingerprint for the valence state of the RE atoms in different compounds. Fig. 3 (see also Fig. 4) . In contrast, a divalent 4f 13 ground state would give only one absorption line at the M 5 edge and none at the M 4 edge [47, 48, 68, 69] . This result is somewhat surprising as in the gas phase nearly all RE atoms, with the exception of La and Gd, are known to exist in a divalent ground state. Moreover, although most of the bulk elemental RE metals are trivalent, Tm forms divalent as well as trivalent and intermediate valence compounds. X-ray absorption and photoemission studies show that divalent Tm atoms are found not only in the gas phase [70] , but also in rare gas matrices [71] , endohedral fullerenes [72] , and at low-coordinated surface sites of Tm films evaporated at low temperature [73] . Here, we find no significant difference in the XAS line shape of isolated adatoms compared to the ML sample, indicating that Tm atoms on W(110) have a stable 4f 12 ground state, which we attribute to the gain in cohesive energy of the 4f 12 5d 1 6s 2 configuration compared to the 4f 13 5d 0 6s 2 configuration [74] for Tm atoms adsorbed on a 5d metal [69] . The XAS line-shape analysis indicates a ground-state multiplet with J = 6. To obtain more detailed information on the ground state of the Tm atoms and take into account the effect of the atomic environment, the XAS spectra in Fig. 3 were simulated in the presence of a crystal-field potential. The substrate was approximated by considering the two lowest-order axial crystal-field components described by the Hamiltonian H CF = B We find a ground state with |J z | = 5; the lowest-excited states are |J z | = 4 and 6, separated by >9 meV from the ground state. This indicates a predominant uniaxial magnetic anisotropy along the surface normal. The relative intensity of the multiplet features in the linear-polarized XAS of the monolayer differs in comparison with that of the Tm adatoms. In particular, the peak heights of the horizontally polarized XAS are altered. This spectral line shape is neither in accordance with a |J z | = 6, nor 4 or any other pure J z ground state, and may indicate a mixed character of the ground state. However, if we assume that transversal crystal-field terms that would generate a mixing of different J z states are negligible, the monolayer XAS can be well fitted by applying a strong out-of-plane magnetic field with B = 175 T. Such a strong field may arise from either ferromagnetic or antiferromagnetic exchange coupling within the Tm monolayer, as will be discussed in Sec. V B. The application of a magnetic field leads to the closing of the energy gap between the J z = −5 and −6 states with J z = −5 still being the lowest state. Thus, the spectral weight of the J z = −6 state increases in the absorption and modifies the XAS line shape with respect to the adatom case. This effect is strongest for the horizontal polarization while the vertically polarized XAS remains essentially the same. The temperature dependence of this effect is reported further on. Figure 4 shows the XAS with circular polarization and corresponding XMCD spectra of the Tm adatom and monolayer samples measured at normal (θ = 0
V. MAGNETIC CHARACTERIZATION

A. Magnetic moments and anisotropy
• ) and grazing incidence (θ = 70
• ). The spectra were taken at 8 K in a 5-T magnetic field applied parallel to the x-ray beam direction. The average value of the M 5 edge jump intensity was normalized to 1 in order to compare the spectra measured on different samples. We note also that the Tm absorption signal is superimposed on the background intensity of the substrate due to the x-ray absorption of W in this photon energy range.
The sharp multiplet features of the Tm XAS indicate that the spin and orbital magnetic moments must be close to those expected for the 4f 12 ground state, namely, 2 and 5 μ B /atom, respectively [75] . This is confirmed by the very large XMCD asymmetry measured at 8 K and by the orbital-to-spin moment ratio estimated from the XMCD sum rules. For the RE, this ratio is given by [76, 77] 
where L z , S z , and T z are the expectation values of the orbital, spin, and magnetic dipole moments parallel to the x-ray direction, and X M 4 (X M 5 ) represent the XMCD intensity integrated over the M 4 (M 5 ) energy edge, respectively. For both the adatom and the monolayer samples, taking the ratio T z / S z = 0.41 calculated for Tm 3+ (Ref. [75] ), we obtain L z /2 S z = 2.5 ± 0.1. Figure 4 also shows that the XMCD amplitude is larger at normal incidence compared to grazing incidence. This implies that, for equal applied magnetic fields, the Tm magnetization is larger at normal incidence, i.e., that both the Tm adatoms and the monolayers have an out-of-plane easy axis, as expected from the results of the ligand field multiplet calculations presented in Sec. IV. Magnetization loops were measured by recording the peak XMCD intensity at the M 5 edge at different magnetic fields. Figure 5 shows the field dependence of the XMCD of the Tm adatom and monolayer samples at normal and grazing incidence. The larger amplitude of the XMCD loops at normal incidence agrees with the easy magnetization axis being perpendicular to the substrate for both the Tm adatoms and the Tm monolayers. The comparison between the two curves, however, is not straightforward. According to the XMCD sum rules, the M 5 XMCD intensity is proportional to 4 S θ + 3 L θ + 12 T θ , where we recall that θ is the direction of the x-ray beam. For a given θ , since S, L, and T are strongly coupled together, this quantity is proportional to the Tm magnetization. Due to the strong anisotropy of L and T in the RE, the proportionality factors between the magnetization (2 S θ + L θ ) and the M 5 XMCD intensity measured at θ = 0
• and 70 • can differ significantly, which makes it difficult, e.g., to estimate the magnetic anisotropy energy from such curves. Moreover, the RKKY interaction among adatoms, which we cannot quantify here, may further affect the magnetization behavior [4, 78] .
B. Magnetism of monolayer films
The nonhysteretic shape of the magnetization curves indicates the absence of either ferromagnetic or ferrimagnetic ordering in both samples over this range of experimental conditions. Figure 5 , moreover, shows that the normal incidence and grazing incidence XMCD curves of the Tm monolayer have a less pronounced S shape compared to the adatoms, contrary to what would be expected for a superparamagnetic system. This suggests the presence of an additional antiferromagnetic coupling in the Tm monolayer. To further investigate the (dashed line). The calculated curves are normalized to the experimental data at 300 K.
possibility of magnetic interactions in the Tm monolayer, we acquired Tm XMCD spectra while cooling down the sample in a magnetic field of 5 T and plotted the XMCD intensity at the M 5 edge as a function of temperature in Fig. 6 . The experimental data are compared with simulations of the Tm magnetization according to a spin Hamiltonian model taking into account the crystal-field parameters B 0 2 and B 0 4 (Sec. IV) and a Brillouin function calculated for J = 6 and a magnetic field of 5 T. In either case, we notice a departure of the experimental magnetization from the predicted paramagnetic dependence that becomes prominent at temperatures below 100 K, which suggests the setting in of magnetic correlations around this temperature. Since the experimental magnetization in this low-temperature range is lower than predicted by the paramagnetic simulations, we can infer that the Tm-Tm interactions are antiferromagnetic.
To confirm the tendency to antiferromagnetic correlations of the Tm monolayer, we also measured the temperature dependence of x-ray magnetic linear dichroism (XMLD) spectra. As opposed to XMCD, which probes unidirectional magnetic ordering, XMLD is sensitive to uniaxial magnetic ordering, and therefore well suited to detect antiferromagnetic coupling [79] . Figures 7(a)-7(c) show the M 5 edge linearly polarized XAS measured at three different temperatures. For the spectra labeled I v (vertical polarization), the photons are polarized parallel to the sample plane and therefore these spectra are sensitive to changes in the in-plane magnetic ordering of the Tm monolayer. For the spectra labeled I h (horizontal polarization), the photons have a finite linear polarization component along the sample normal, and therefore are sensitive to changes in the out-of-plane magnetic ordering of the Tm monolayer. Whereas the v spectra change little with temperature, there is a notable temperature dependence of the h spectra. To quantify this temperature dependence, we plot in Fig. 7(d) the difference between the first and the second peaks in the h spectra [A and B in Fig. 7(a) ] as a function of temperature. The difference between the two peak values increases with 1/T at high temperatures and reaches a saturation value at about 50 K, suggesting that antiferromagnetic correlations are well established at this temperature. The fact that these changes occur in the h spectra suggests that the axis of antiferromagnetic ordering is parallel to the sample normal, in agreement with the easy-axis direction determined from the magnetization curves in Fig. 5 . This conclusion is further supported by the I h and I v spectra simulated by considering noninteracting adatoms and an out-of-plane magnetic field of B = 175 T, which we attribute to antiferromagnetic exchange. As shown in Figs. 3(c) and 3(d) , the application of such a strong field reproduces the change of intensity of the A and B peaks observed upon cooling.
It is instructive to compare the magnetic behavior of Tm monolayers on W(110) with that of bulk Tm. Neutron diffraction and ac susceptibility studies [80] have shown that bulk Tm undergoes an antiferromagnetic transition at T = 58 K, followed by a transition to ferrimagnetic ordering at T = 33 K. These low magnetic ordering temperatures are attributed to the strong localization of the 4f electrons, which makes the exchange interaction with neighboring atoms small. Interactions with the neighbors still occur, but indirectly via s and p electrons, which favor antiferromagnetic ordering [43] . Between 58 and 33 K, the bulk Tm moments are aligned ferromagnetically within the hcp basal planes and have a sinusoidal modulation along the c axis, such that the ordering is antiferromagnetic along the c axis. As opposed to bulk Tm crystals, the Tm monolayers studied here display antiferromagnetic coupling within the basal plane. Antiferromagnetic coupling is favored parallel to the substrate normal by the perpendicular magnetic anisotropy generated through hybridization with the electronic states of the W(110) substrate.
The presence of antiferromagnetic coupling within the plane of the Tm monolayer is therefore intriguing. It also raises a number of questions regarding the magnetic ground state of this system. Because the Tm lattice is (nearly) hexagonal, as shown in Sec. III, geometric frustration is expected to play an important role. In fact, there is no unique ground state for a triangular arrangement of magnetic moments coupled antiferromagnetically with each other [81, 82] . Depending on the relative value of the exchange coupling, magnetic anisotropy, and external field, several configurations are possible such as, e.g., one spin pointing up and two pointing down at an angle or collinear with each other or a canted spin structure with a net perpendicular component aligned along the field direction [83] . This may explain why the magnetic response of the Tm monolayer is larger when the magnetic field is applied perpendicular to the substrate compared to grazing incidence [Figs. 5(b) and 6], opposite to that of an isotropic antiferromagnet for which the field-induced magnetization is larger in the direction perpendicular to the antiferromagnetic axis. Moreover, owing to the large degeneracy of the magnetic ground state, frustration in two-dimensional systems may also lead to an intrinsically disordered ground state in the absence of an external field. This is the case for a two-dimensional triangular antiferromagnet of the Ising type [81] . Lattice distortions and defects that affect the exchange interaction between neighboring magnetic ions lead to a partial lifting of frustration. However, even in such a case, frustration will induce a suppression of the ordering temperature below that corresponding to the energy scale of the exchange interaction, so that a correlated antiferromagnetic state persists in the absence of magnetic order. Our observations of triangular lattice structure, antiferromagnetic spin alignment at low temperature, uniaxial anisotropy, and lack of magnetic remanence for Tm monolayer films are consistent with this picture, although we cannot exclude alternative explanations based on Tm domains with fully compensated staggered magnetization or noncollinear structures due to the influence of the Dzyaloshinskii-Moriya interaction at the Tm/W(110) interface [84, 85] . Distinguishing between these possibilities requires the use of spatially resolved or magnetic scattering techniques, which go beyond the scope of this work.
VI. CONCLUSIONS
We have characterized the growth of Tm adatoms and monolayers on W(110), showing that isolated atoms are obtained at low coverage (∼2%) and annealing below 1000 K, whereas heteroepitaxial Tm/W(110) monolayers are obtained at high coverage upon annealing to 1100 K. The Tm monolayer exhibits a distorted hexagonal structure, which is compressed along the [110] W direction by 1% and expanded along the [100] W direction by 15% with respect to the bulk hcp structure of Tm.
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We measured linear and circular x-ray magnetic dichroism to investigate the electronic structure and magnetic behavior of Tm atoms and monolayers. We show that Tm atoms present a 4f 12 ground state as isolated impurities as well as in monolayer films with correspondingly large spin and orbital magnetic moments. The orbital-to-spin magnetic moment ratio is 2.5, as expected for a J = 6 ground multiplet with L = 5 and S = 1. By comparing the experimental XAS with ligand field multiplet calculations, we find that the Tm ground state has |J z | = 5; the lowest-excited states correspond to |J z | = 4 and 6, separated by more than 9 meV from the ground state. The Tm atoms and monolayers exhibit out-of-plane magnetic anisotropy and nonhysteretic magnetization curves down to 8 K.
Temperature-dependent measurements of magnetic linear and circular dichroism further show that the Tm monolayers develop strong antiferromagnetic correlations at a temperature of about 50 K. The temperature-induced changes of the linearly polarized spectra as well as multiplet simulations including an effective exchange field show that the antiferromagnetic axis is perpendicular to the substrate, in agreement with the sign of the uniaxial anisotropy. This behavior differs from that of classical antiferromagnetic systems, which show a maximum of the magnetization at T N and a larger susceptibility perpendicular to the easy axis below T N . Our measurements do not allow us to conclude whether the system exhibits longrange staggered antiferromagnetic order or a disordered state with antiferromagnetic correlations. However, the triangular structure of the Tm lattice suggests that there may be a significant degree of magnetic frustration in this system.
